Da, and by its exposure on the platelet membrane to the glycoprotein complexes Ib/IX/V and IIb/IIIa, which function as receptors for vWF. 1 The importance of vWF in hemostasis is further supported by the fact that inherited deficiencies or dysfunctions of this protein cause a bleeding disorder called von Willebrand disease, relatively frequent in humans and animals. 2, 3 vWF-mediated platelet adhesion to the injured endothelium is the first step in thrombus formation. That vWF plays a role in thrombosis is also supported by the demonstration that the largest multimeric forms of the glycoprotein aggregate platelets in vitro under conditions of high shear stress, 4 such as those occurring in stenotic arteries. Recently, interest in vWF has extended beyond the pathophysiological roles listed above, since a few prospective clinical studies have demonstrated that in individuals with cardiovascular disease, high plasma levels of vWF predict the subsequent occurrence of major clinical events such as death and myocardial infarction. [5] [6] [7] It is often believed that the value of vWF in the prediction of cardiovascular events is related to the fact that plasma levels of the protein signal the extent of damage in the vascular endothelium. 8 -11 This review will analyze whether this belief is supported by the available evidence.
Cell Biology of vWF
vWF is synthesized as a precursor called pro-vWF. 12 After processing in the endoplasmic reticulum and the Golgi apparatus of the endothelial cell, the precursor undergoes multimerization and is cleaved into 2 products, the mature protein and a propeptide of 97 kDa.
12 vWF is also synthesized by megakaryocytes and is contained in platelets, which make Ϸ15% of the circulating protein in blood. 13 The platelet factor is contained exclusively in organelles called ␣-granules and does not exchange with the plasma factor in vitro or in vivo. 13 Under physiological conditions, megakaryocytes and platelets do not contribute to an important degree in determining the plasma concentration of vWF. Evidence for this rests on the demonstration that although the transplantation of normal bone marrow into a pig with severe vWF deficiency produces platelets containing normal amounts of the glycoprotein, plasma levels do not change.
14 Hence, physiologically, the main source of plasma vWF is the endothelial cell. However, in pathological conditions characterized by the occurrence of platelet activation in vivo, vWF may be released from platelets and contribute significantly to plasma levels. Because it is currently impossible to differentiate platelet from endothelial origin of plasma vWF, the paradigm that plasma vWF is a specific endothelial cell marker is unwarranted.
vWF is secreted from endothelial cells in a bipolar manner, through both the luminal and abluminal membranes. 12 Through abluminal secretion some vWF is deposited into the vascular subendothelium, where it acts as an extracellular matrix protein to bridge circulating platelets. 12 Luminal secretion is thought to be the manner by which endothelial vWF reaches the bloodstream. Experiments with cultured endothelial cells have shown that there are 2 mechanisms of vWF secretion. Constitutive secretion is a continuous, relatively slow process; regulated secretion is a rapid process that takes place with mechanisms well established in vitro. 12 Secretion of vWF from specialized storage granules of the endothelial cell called Weibel-Palade bodies is triggered by several substances, some of which are important mediators of thrombosis and inflammation (Table 1 ; for details, see Reference 15) . It is thought that the common pathway of regulated secretion of vWF is through intracellular calcium mobilization and cAMP. 15, 16 Regulated secretion of mature vWF also causes the release of equimolar amounts of the propeptide. 15 In vivo, the best model of vWF secretion involves the vasopressin analogue desmopressin. 17 When infused intrave-nously or administered subcutaneously or intranasally to humans, this compound induces a rapid, 2-to 3-fold increase of plasma vWF that lasts 4 to 6 hours. 17 Desmopressin itself is inactive on endothelial cells in vitro, and it is thought to produce or mobilize a still-undefined second messenger. The evidence that this putative second messenger causes secretion of vWF from endothelial cells comes mainly from the observation that after desmopressin administration, the protein exhibits a "fresh" set of ultralarge multimers not normally present in plasma but present in endothelial cells. 17 Desmopressin has no direct secretory effect on platelets, 18 the only other cellular source of vWF that contains ultralarge multimers. Additional support for the endothelial origin of vWF after desmopressin comes from the observation that the increase of this protein is paralleled by the increase of such substances stored in the endothelium as the vWF propeptide, tissue plasminogen activator, and urokinase plasminogen activator. 17 However, desmopressin is not a general and nonspecific secretogogue of endothelial cell substances, because many other proteins synthesized or stored in the endothelium do not increase their concentrations in plasma after infusion of the compound.
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Clinical and Experimental Conditions Associated With High Levels of vWF
Plasma vWF is known to be increased in a large number of clinical and experimental conditions, some of which are listed in Table 2 (for review, see Reference 19) . After infusion of epinephrine or desmopressin and after strenuous muscular exercise, the increase of vWF is so rapid and transient that increased synthesis is unlikely to account for it, and release from storage organelles in the endothelial cells is a more plausible mechanism. Epinephrine is the mediator of the exercise-induced increase, because the vWF response can be blocked by the administration of ␤-receptor antagonists. 19 Venous occlusion is another procedure accompanied by a short-term increase of vWF in plasma. Whether this increase is due to endothelial secretion in plasma or to hemoconcentration induced by venous stasis is not well established. Among these procedures, the infusion of desmopressin is the most suitable and convenient experimental model that can be used to investigate secretion of vWF in vivo, being devoid of significant side effects and being suitable for an accurate evaluation of poststimulus changes of vWF in plasma. 16 In a large group of varied clinical conditions, listed in Table 2 , there is a long-term and sustained increase of the protein in plasma. 19 This is probably due to heightened synthesis, although a mechanism of decreased clearance cannot be ruled out. The increase in vWF is usually accompanied by increases of other plasma glycoproteins, most typically fibrinogen and other acute-phase reactants. 19 This suggests that the long-term changes in plasma levels of vWF might simply be the expression of acute-phase reactions to various stimuli, such as inflammation, tissue necrosis and repair, and neoplastic growth. 20 Acute coronary syndromes are the prototype of the clinical conditions associated with this pattern of increase of vWF, 21-23 peaking 3 to 4 days after an infarction and concomitantly with acute myocardial necrosis and diminishing in the postinfarction period as healing progresses.
vWF: A Marker of Endothelial Damage?
Boneu et al 8 were the first to propose the measurement of plasma vWF as an index of endothelial damage in vascular disease. Their hypothesis was based on the observation that patients with ischemic limb disease or septicemia had vWF levels raised in proportion with the extent of vascular involvement. 8 Subsequently, several investigators found that vWF was high in an array of clinical situations, all characterized by vascular damage with denudation of the endothelium and exposure of the subendothelium (for instance, acute respiratory failure, acute and chronic renal insufficiency, hypertension, diabetic nephropathy, and vasculitis). [23] [24] [25] [26] [27] [28] [29] To interpret these findings, it has been postulated that in patients with large-and small-vessel disease, the membranes of damaged endothelial cells would "leak" vWF, leading to an increase of the plasma levels of this protein. Clinicians became attracted by this simple approach to the evaluation of the degree of endothelial damage in vascular disease, because it reminded them of the usefulness and widespread adoption in clinical practice of the measurement of serum enzymes to evaluate the degree of hepatic and cardiac cell damage.
There are several problems, however, with this simple and attractive model. The most important is the poor specificity of the marker. First of all, vWF is an acute plasma reactant that can increase in plasma during clinical conditions not necessarily associated with endothelial cell damage. In addition, plasma vWF is not endothelial cell specific because it might derive, if only in small part, from activated platelets. This may be an important confounder in clinical practice, because platelet activation is a consistent companion of endothelial damage and subendothelium exposure in vascular disease. Another problem is that vWF as a plasma marker of endothelial damage has been poorly validated in vivo by suitable animal experiments 30 that have correlated the changes in plasma levels of the protein with the degree and extent of vascular damage induced. The bulk of the experimental evidence comes from in vitro experiments performed in human endothelial cells in culture. The in vitro environment is hardly a normal environment, because endothelial cells in culture are continuously responding to injury. Hence, any measured increase of vWF in plasma might not be the direct consequence of protein leakage from the damaged endothelial cells; it might also originate from secretion of the protein from viable endothelial cells perturbed in their steady state by pathological triggers (Table 1) . Thus, plasma levels of vWF could not necessarily reflect the actual degree of endothelial cell damage and platelet activation but the stimulation and perturbation of viable endothelial cells.
On the whole, there is little theoretical or experimental evidence that the elevations of plasma levels of vWF observed in a variety of human diseases associated with pathological vascular states closely reflect the extent of vascular damage. It is more likely that these changes reflect a shift in the functions of the endothelium, leading to heightened secretion of the protein. Hence, it seems that the terms "endothelial perturbation" or "stimulation" are more adequate than the terms "endothelial damage" or "injury."
Other Candidates as Markers of Endothelial Perturbation
Identifying a single marker for endothelial perturbation or stimulation is conceptually attractive for the clinician but quite simplistic if one considers the multitude of proteins synthesized and expressed by endothelial cells, which contribute to the multiple and often opposing functions of the normal endothelium in the regulation of hemostasis. Accordingly, several other proteins involved in hemostasis and synthesized by endothelial cells have been proposed as markers for endothelial perturbation and have been measured in patients with vascular disease. [31] [32] [33] [34] These proteins include tissue plasminogen activator, plasminogen activator inhibitor-1, thrombomodulin, and tissue factor. In general, the correlation between the levels of these proteins in various vascular diseases is poor, so that it would appear that they measure different properties of the vascular endothelium. In addition, the considerations of poor cellular specificity and lack of validation by in vivo experimental models mentioned for vWF are also applicable to these proteins. These limits, however, do not impinge on the predictive value of high plasma levels of some of them in cardiovascular disease, whatever their status may be as markers of endothelial damage. For instance, tissue plasminogen activator levels are good predictors of the risk of myocardial infarction and stroke. 35, 36 Recently, the measurement of plasma vWF propeptide has been proposed as a more sensitive and early marker of endothelial cell perturbation. 37 Measurable with specific immunoassays based on the use of monoclonal antibodies, this protein has some theoretical advantages over mature vWF. The propeptide does not adhere to the vascular subendothelium, so that any heightened secretion would be fully reflected by an increase in plasma levels. Importantly, the propeptide has a shorter plasma half-life (3 hours) than the mature protein (12 to 18 hours). Hence, it could be taken as an index of acute endothelial perturbation, whereas the measurement of mature vWF would provide information on the occurrence of sustained perturbation. 37 These views are supported by the observation that in an animal model of acute thrombin and fibrin formation induced by the infusion of activated factor X, propeptide concentrations increased, whereas the concentrations of mature vWF remained substantially unchanged. 37 Additional work should be done to establish whether or not the propeptide is a more reliable marker for endothelial perturbation than is mature vWF.
Concluding Remarks
At the moment, vascular biologists have not been able to provide clinicians with a reliable marker for endothelial cell damage in cardiovascular disease. The main problem with vWF as a candidate marker is its poor specificity, a problem shared by other soluble products of the endothelial cell that have been considered as noninvasive aids for diagnosis, for studying the extent of vascular involvement, and for monitoring the effect of treatment. Despite these caveats, it does appears that high vWF levels help to predict cardiovascular events, although the marker is not powerfully predictive in the individual at risk. The subject dealt with in this article has been previously reviewed. [38] [39] [40] 
